LiIn(WO 4 ) 2 single crystals and nanopowders doped with chromium(III) ions were synthesized and investigated, including their EPR spectra and magnetic properties. The EPR spectra have shown low and high field lines attributed to isolated chromium ions with an electron spin S=3/2 and complex chromium centers with higher spin value, respectively. Magnetic susceptibility measurements revealed an almost linear dependence on the magnetic field. The electron resonance and magnetic properties have been related to the structural and spectroscopic data of the studied material.
Introduction
LiIn(WO 4 ) 2 is a member of a large class of inorganic compounds with general formula M = Mo, W), which has been applied in the field of quantum elec-tronics [1] [2] [3] . Recently, indium containing tungstates have also been shown to be very promising room temperature scintillators [4, 5] . According to data in the literature, LiIn(WO 4 ) 2 crystallizes in the wolframite type structure, space group C 2/ , which is built from WO 6 octahedra connected to form infinite chains [6, 7] . This kind of structure may imply specific magnetic properties of the compounds revealing both ferromagnetic and antiferromagnetic kinds of magnetic interactions depending on the physical state (single crystal, nanopowder), kinds of dopants, and their concentration. As it was shown previously, the optical and magnetic properties of the compounds change in a significant manner when post growth thermal processes are applied, especially in the case of nanopowders [8] . Increasing the annealing temperature leads to a change in the nanoparticle size affecting the structural and physical properties of the compounds. Thus, we decided to synthesize single crystals and nanocrystalline LiIn(WO 4 ) 2 :Cr 3+ in order to investigate the influence of the concentration of doped chromium ions as well as the value of annealing temperature (in the case of nanopowders) on the magnetic properties of the compounds. 
Experimental setup
LiIn(WO 4 ) 2 :Cr 3+ nanoparticles and single crystals in the form of thin plates were prepared by Pechini and flux methods, respectively.
Detailed descriptions of the growth processes were presented elsewhere [8, 9] . LiIn(WO 4 ) 2 :Cr 3+ 0.5 mol.% single crystal and three types of nanopowders: LiIn(WO 4 ) 2 :Cr 3+ 2 mol.% annealed at 520 (6), 550 (2), and 700℃ (4) were analyzed for their magnetic properties. The numbers in brackets numerate individual samples from 1 to 9, excluding numbers 1, 3, 5, 7, 8 and 9 assigned to NaIn(WO 4 ) 2 : Cr 2 mol. % samples, quoted in the paper for purpose of comparison. The first derivatives of the absorption spectra of the nanopowders and single crystals were recorded as a function of the applied magnetic induction on a conventional X-band Bruker ELEXSYS E 500 CW-spectrometer operating at 9.5 GHz with 100 kHz magnetic induction modulation. The temperature dependencies of the EPR spectra of the samples were recorded using an Oxford Instruments ESP heliumflow cryostat. Optimization of the spin-Hamiltonian parameters and EPR data simulation was achieved by using the software package EPR-NMR [10] . Owing to the peculiarities of single crystals, angular dependencies were registered only for two perpendicular crystal directions: along and perpendicular to the symmetry axis (Fig. 1a) . Static (DC) magnetic susceptibility measurements were performed using a Quantum Design MPMS XL-7 with EverCool Magnetic Property Measurement System. The measurements were performed at temperature up to 305 K and magnetic fields in the range 100 -5000 Oe. DC susceptibilities were measured in the zero-field-cooling (ZFC) and field-cooling (FC) modes. transitions of the studied crystal were reported in [8] . Two characteristic broad bands are observed in the ranges 430 -640 nm and 590 -840 nm (i.e. 15600 -23300 and 12000 -17000 cm .
Results and discussion

Spectroscopic studies
The nanopowders of the studied material were prepared by the Pechini method [9] . Some samples were obtained at annealing temperatures in the range 500℃ -800℃. Two clear and jumping changes of crystallite size versus annealing temperature were observed at about 530℃ and 675℃; these have been explained by the existence of critical sizes of about 30 and 100 nm, respectively [9] . Some irregularities were found in the XRD powder diagrams vs. crystallite sizes. On this basis the existence of polymorphs which were not reported earlier of the studied compound was postulated. Two sizeinduced phase transitions change the structure from that of LiFe (WO  4 ) 2 -type, through that of LiYb(WO 4 ) 2 -type structure to LiGa(WO 4 ) 2 -type structure [9] . These polymorphs differ in the distribution of the sites occupied by Li + and In 3+ ions. The spectral parameters determined from the spectra measured at 9 K for the sample annealed at 500℃ (crystallite size 18 -25 nm) are as follows [9] , and S = 6.7. Comparing these data with those listed above for LiIn(WO 4 ) 2 :Cr 3+ single crystals it should be noted that they do not differ substantially from those of the bulk material. The strength of the crystal field for the nanopowders is slightly larger in comparison with that of the bulk material. The chromium environment of the Cr 3+ ions in nanoparticles has less covalent character. It results from comparison of the values for B -interelectronic repulsion, and β -delocalization of d-electrons, for both kinds of matter. The electron-phonon coupling is clearly reduced. This feature is explained as a result of a confinement effect observed in nanocrystalline materials. The most effective phonons with energy ca. 250 cm −1 are involved in this coupling and they correspond to the bending modes of tungstate ions. The following conclusions follow from the spectroscopic studies: single crystals at two crystal orientations, i.e. when the magnetic induction was operating in the bc plane (axis of rotation parallel to the whisker axis a) and in the ac plane (axis of rotation perpendicular to whisker axis a). The overall observed signal can be divided into two groups of lines: very narrow lines of different intensity at magnetic inductions below 400 mT (low field signal) and wider lines of equal intensity at magnetic inductions above 700 mT (high field signal). The double field axis (different for top and bottom spectra) may appear somewhat confusing, but in our opinion it enables showing interesting details of both EPR spectra. In the case of a uniform range of magnetic induction of 100 -950 mT the upper spectrum could be unclear. A low field signal consisting of at least three lines couldn't be ascribed to one Cr 3+ ion with S=3/2 [13] [14] [15] [16] [17] . It can be concluded from the different intensities of the lines and from the fact that spectroscopic g value calculated in this case should be much higher than expected for chromium trivalent ions. Calculations performed assuming a combination of allowed and forbidden transitions also don't fit in this case. So, detailed analysis of low field EPR spectra allowed us to conclude that indeed, we observed three different magnetic centers ascribed to nonequivalent locations of Cr 3+ paramagnetic ions in the crystal. The centers denoted as I,II, and III give only specific transitions being observed, including a forbidden transition for center II. Figs 2b,c show the angular dependence of the resonance line position as a function of rotation angle. The presented roadmap confirmed C 2 local symmetry of all three chromium centers. Simulations of three roadmaps were done using an EPR-NMR program [10] , where for Cr 3+ ions with S= 3/2, the spin Hamiltonian was applied in the following form:
EPR spectra
where the first term is a Zeeman term and the second one is a Zero Field Splitting second order term. B denotes the external magnetic induction and µ B is the Bohr magneton. g and D are matrices. Hyperfine terms of the 53 Cr isotope (I=3/2, 9.5 % natural abundance) are not included in Eq. (1), as being too weak in the observed spectra. Results of the simulation presented in Figs. 2b,c Fig. 3 .
The roadmap presented in Fig. 2b is significantly simplified, but indeed the visible signals are more asymmetric. In particular, in the bc plane the signal denoted as I revealed a splitting into at least five lines (Fig. 4a) , where the splitting is best resolved at ca. 72°. This splitting could be related to super hyperfine interactions of chromium ions with ligand nuclei, probably oxygen, having nuclear spin I= 5/2, giving six split lines. A real roadmap including satellite lines is presented in Fig. 4b , where some weak signal around the main lines could arise from hyperfine interactions of the 53 Cr isotope. Another explanation for the complicated roadmap presented in Fig. 4b could be in terms of site splitting (maybe in combination with imperfection of the crystal). As the crystals exhibit monoclinic symmetry, in arbitrary magnetic field orientations one should observe various magnetically inequivalent sites of the same center (site splitting).
Integral intensities of the low-field lines fulfill theCurieWeiss law with a slightly positive Curie-Weiss parameter θ = 0.66 K (Fig. 5a) . Such behavior indicates a weak ferromagnetic kind of magnetic interaction between chromium ions. In this figure there are presented experimental results registered for temperatures below 100 K, but EPR signal from chromium ions was observed up to room temperature. Due to specific experimental conditions, like some troubles with gas flow control, we present EPR results only below 100 K. The reported large deviations from g = 1.97 (g is slightly smaller than g for the 4 A 2 ground state of Cr 3+ ) for all three centers in Table 1 are not expected. Very probably, for all centers (maybe there are less than three dominant types) the zero-field splitting is much larger than the microwave frequency, making it difficult to estimate the D tensor from spectra recorded in one microwave frequency band. It may be that recording EPR spectra at higher microwave frequencies (Q, W-band) could help in more precise interpretation. Figs 5b (perpendicular orientation) and 5c (parallel orientation) show angular dependencies registered for high-field EPR lines. We assumed that these lines correspond to more complex chromium centers, proposing S = 2 as the more common case for chromium ions. Results of the simulation with supposed model S = 2 seems to be adequate for the experimental points in Fig. 5b . The effective spin S = 2 for chromium complex centers is well known in the literature, for example in [18] . We didn't present any spin Hamiltonian parameters resulting from the fitting as the results for both planes were not compatible. Solid lines in Fig. 5b present the fitting obtained using the EPR-NMR program. As it can be seen the fitting is quite reasonable. However, we could not find a good fitting for both rotation planes simultaneously. One of the explanations suggests that the mentioned magnetic centers could indeed be assigned to interstitial chromium ions.
The registered EPR spectra of nanopowders are simpler than those of single crystal. However, interpretation of these spectra is more difficult. Figs 6a and 6b show the spectra in the low (<20 K) and higher (<80 K) temperature range for LiIn(WO 4 ) 2 : C 3+ 2 mol. % nanopowders. For lower temperatures clear recognition is possible of the chromium origin of the spectra, especially at low magnetic induction. They represent all investigated samples, which were annealed at different temperature. Low temperature spectrum was simulated using an EPR-NMR powder algorithm (Fig. 6c) , employing spin Hamiltonian parameters gathered in Table 1 . As can be seen from Fig. 6c , both signals reveal good enough agreement. Some discrepancies observed above 600 mT result from existence of more complex chromium centers and presence of oxygen. Two ranges were chosen due to a specific temperature dependence of integral intensity of the registered EPR spectra. This intensity obeys the Curie-Weiss law below 20 K and reveals a maximum in the 20 -80 K range (see Fig. 7a ). From Figs 6a and 6b one can see that the presence of chromium dopants in the nanopowders implies the presence of both EPR low-field and high field signals, as was found to be the case in single crystals. The signals are partially overlapped by some strong external signals (chamber 850 mT and oxygen 1200 mT), so separation of the low-field and high-field signals seems to be very difficult. To overcome this difficulty, we first calculated the overall integral intensity of the EPR spectra. Fig. 7a shows that the integral intensity changes distinctly, showing a maximum starting at about 20 K and then suddenly vanishing at about 80 K. Such a behavior suggests a complex nature of the EPR signal including the influence of lattice vibrations due to the thermal field.
The above EPR results allow us to conclude that in the case of nanopowders we deal with chromium complexes rather than isolated ions. We tried to confirm this con- Figure 2 . Low-field and high-field EPR spectra of LiIn(WO
)
2 :Cr 3+ 0.5 mol. % single crystal in both directions (a) and angular dependencies of low field lines and fittings (solid lines) derived from the EPR-NMR program, T=6.5 K (b, c). Angles of rotation mean that magnetic induction was operating in the: cb and ca planes in Fig. 2b and 2c , respectively. Table 1 . Elements of the matrices g and D calculated using EPR-NMR program for LiIn(WO lines we calculated the Curie-Weiss temperature for all of the investigated nanopowders. The results of the calculations are presented in Fig. 7b vs. annealing temperature.
As can be seen, with increase of annealing temperature the Curie-Weiss parameter θ increases up to 550℃ and then decreases. We observed a similar phenomenon for parent NaIn(WO 4 ) 2 materials doped with Cr 3+ ions (squares in Fig. 7b ).
The parameter θ is a measure of the strength of magnetic interactions between chromium ions. Increase of θ indicates an increase in the amount of isolated centers at the expense of more complex centers. We believe that isolated centers give contributions to low-field EPR spectra and complex centers give contribution to high-field EPR spectra. Among complex centers there may be interstitial ions, pairs of ions or ions placed on the surface of grains. Above 550℃ the number of isolated centers decreases at the expense of more complex ones.
Magnetization measurements
In Figs 8a and 8b Figs 8a, b . The same conclusion with negative θ values is derived from the overall integral intensities of EPR spectra (Fig. 7a) taking into account only the temperature range below 20 K. Both the EPR and magnetic susceptibility results confirm that in the case of nanopowders we deal mainly with chromium complexes. We calculated the effective magnetic moment of the compounds according to the following relation:
where k B -Boltzmann constant, N A -Avogadro constant, µ B -Bohr magneton, χ -magnetic susceptibility, and T -temperature. From the temperature dependence of the effective magnetic moment of the sample the result is that the maximal value of the moment does not exceed 0.7 µ B in the temperature range from liquid helium up to 300 K. It seems that only part of the chromium ions contributes to this value.
Summary
EPR spectra of both single crystals and nanopowders reveal low-field and high-field signals attributed to chromium ions at low, C 2 symmetry. For single crystals we have calculated elements of the g and D matrices as well as the azimuthal angles of the principal axes in respect to the experimental ones. Values of g close to 2 are typical for Cr 3+ ions. We believe that the low-field EPR signal, both in single crystal and nanopowders spectra, originates from isolated chromium centers. Magnetic interactions between these ions are of a ferromagnetic type, because the ions locate and interact with each other along a chain. The high-field EPR lines reveal antifferomagnetic interactions between chromium ions both for single crystals and nanopowders. The lines registered for crystals originate rather from isolated, interstitial ions than chromium complexes. In contrast, in the case of nanopowders, the same type of lines seems to originate mainly from chromium complexes. Among them chromium complexes forming on the particle surface may also be found. The sudden vanishing of all EPR lines at about 80 K is an effect of vanishing of paramagnetic contribution due to the thermal field. Decomposition of the EPR lines of nanopowders allowed selection of low-field and high-field EPR lines, giving for the former a clear Curie-Weiss dependence of integral intensity. Basing on the dependence we drew a conclusion regarding increase of the content of isolated ions with increasing annealing temperature at the expense of chromium complexes up to the critical temperature, found to be 550℃. Above this annealing temperature the number of isolated ions decreases at the expense of chromium complexes. 
